Abstract-Our previous studies and those of others indicated that the transcription factor Hexamethylene-bis-acetamideinducible protein 1 (HEXIM1) is a tumor suppressor and cyclin-dependent kinase inhibitor, and that these HEXIM1 functions are mainly dependent on its C-terminal region. We provide evidence here that the HEXIM1 C-terminal region is critical for cardiovascular development. HEXIM1 protein was detected in the heart during critical time periods in cardiac growth and chamber maturation. We created mice carrying an insertional mutation in the HEXIM1 gene that disrupted its C-terminal region and found that this resulted in prenatal lethality. Heart defects in HEXIM1 1 to 312 mice included abnormal coronary patterning and thin ventricular walls. The thin myocardium can be partly attributed to increased apoptosis. Platelet endothelial cell adhesion molecular precursor-1 staining of HEXIM1 1 to 312 heart sections revealed decreased vascularization of the myocardium despite the presence of coronary vasculature in the epicardium. The expression of vascular endothelial growth factor (VEGF), known to affect angioblast invasion and myocardial proliferation and survival, was decreased in HEXIM1 1 to 312 mice compared with control littermates. We also observed decreased fibroblast growth factor 9 (FGF9) expression, suggesting that effects of HEXIM1 in the myocardium are partly mediated through epicardial FGF9 signaling. Together our results suggest that HEXIM1 plays critical roles in coronary vessel development and myocardial growth. The basis for this role of HEXIM1 is that VEGF is a direct transcriptional target of HEXIM1, and involves attenuation a repressive effects of C/EBP␣ on VEGF gene transcription. Key Words: HEXIM1 Ⅲ heart Ⅲ vascular Ⅲ development T he transcription factor Hexamethylene-bis-acetamideinducible protein 1 (HEXIM1) was named for its ability to be upregulated in vascular smooth muscle cells by the differentiating agent Hexamethylene-bis-acetamide (HMBA). 1 We independently identified HEXIM1 as a novel inhibitor of breast cell growth, Estrogen Down-regulated Gene 1 (EDG1). 2 Estrogens down-regulate HEXIM1 protein levels, and HEXIM1 inhibits ER␣ transcriptional activity. 2, 3 The mouse homolog of HEXIM1 was cloned as cardiac lineage protein-1 (CLP-1). 4 Studies using cultured cell lines indicate that HEXIM1 functions as a transcriptional repressor by inhibiting positive transcription elongation factor b (P-TEFb) through its interaction with the cyclin T1 subunit. 5,6 HEXIM1 interacts with 7SK snRNA and forms an inactive P-TEFb complex by binding to and inhibiting the kinase activity of the CDK9 subunit of P-TEFb. 5,6 HEXIM1 interaction with cyclin T1 of P-TEFb is dependent on the C-terminus of HEXIM1. 5 Additionally, the region of cyclin T1 where HEXIM1 interacts is within the same region of cyclin T1 where the transcription factors ER␣, NF-B, and c-myc interact, while RNA polymerase II (RNAP II) binds to a different region of cyclin T1. [5] [6] [7] [8] [9] Elevated P-TEFb activity, through overexpression of cyclin T1, was observed in cardiac hypertrophy in vitro and in vivo. 10, 11 Knockout of the HEXIM1 gene resulted in embryo hearts with reduced left ventricular chambers and thickened myocardial walls. 12 Although these results suggested an involvement of P-TEFb and HEXIM1 in cardiac hypertrophy, the relative functional relevance of the interaction of HEXIM1 with P-TEFb versus other transcription factors in the overall physiological function of HEXIM1 is not well defined and requires further study. Along this line, a recent report indicates HEXIM1 regulation of the glucocorticoid receptor that does not involve an interaction with P-TEFb. 13 We now report on the creation and characterization of mice carrying an insertional mutation in HEXIM1, thereby disrupt-
T he transcription factor Hexamethylene-bis-acetamideinducible protein 1 (HEXIM1) was named for its ability to be upregulated in vascular smooth muscle cells by the differentiating agent Hexamethylene-bis-acetamide (HMBA). 1 We independently identified HEXIM1 as a novel inhibitor of breast cell growth, Estrogen Down-regulated Gene 1 (EDG1). 2 Estrogens down-regulate HEXIM1 protein levels, and HEXIM1 inhibits ER␣ transcriptional activity. 2, 3 The mouse homolog of HEXIM1 was cloned as cardiac lineage protein-1 (CLP-1). 4 Studies using cultured cell lines indicate that HEXIM1 functions as a transcriptional repressor by inhibiting positive transcription elongation factor b (P-TEFb) through its interaction with the cyclin T1 subunit. 5, 6 HEXIM1 interacts with 7SK snRNA and forms an inactive P-TEFb complex by binding to and inhibiting the kinase activity of the CDK9 subunit of P-TEFb. 5, 6 HEXIM1 interaction with cyclin T1 of P-TEFb is dependent on the C-terminus of HEXIM1. 5 Additionally, the region of cyclin T1 where HEXIM1 interacts is within the same region of cyclin T1 where the transcription factors ER␣, NF-B, and c-myc interact, while RNA polymerase II (RNAP II) binds to a different region of cyclin T1. [5] [6] [7] [8] [9] Elevated P-TEFb activity, through overexpression of cyclin T1, was observed in cardiac hypertrophy in vitro and in vivo. 10, 11 Knockout of the HEXIM1 gene resulted in embryo hearts with reduced left ventricular chambers and thickened myocardial walls. 12 Although these results suggested an involvement of P-TEFb and HEXIM1 in cardiac hypertrophy, the relative functional relevance of the interaction of HEXIM1 with P-TEFb versus other transcription factors in the overall physiological function of HEXIM1 is not well defined and requires further study. Along this line, a recent report indicates HEXIM1 regulation of the glucocorticoid receptor that does not involve an interaction with P-TEFb. 13 We now report on the creation and characterization of mice carrying an insertional mutation in HEXIM1, thereby disrupt-ing its C-terminal region. The HEXIM1 mutant protein expressed in our mice was capable of interacting with P-TEFb, similar to what has been shown for a HEXIM1 1 to 314 mutant in HeLa cells. 14 Moreover, the HEXIM1 1 to 314 mutant was able to inhibit P-TEFb activity. Heart defects were observed in the HEXIM11 1 to 312 mice, which included abnormal coronary patterning, hypoplasia of myocardial layers of the ventricles, increased chamber size, defects in myocardial vascularization, and increased myocardial apoptosis. We also observed that vascular endothelial growth factor (VEGF) expression was decreased in HEXIM1 1 to 312 hearts compared with control littermates. These indicate that HEXIM1 deficiency affected the VEGF pathway, contributing to dysregulation of coronary vessel development, and influencing myocardial growth.
Materials and Methods

Generation of HEXIM1 Mutant Mice
All animal work reported herein has been approved by the CWRU Institutional Animal Care and Use Committee. A mouse embryonic stem cell line XB322 containing an insertional mutation in HEXIM1 was identified by 5Ј RACE PCR and inverse PCR in a gene-trapping screen (Baygenomics, San Francisco, Calif. 15 ). The gene-trapping vector, pGT0pfs, was designed to interrupt genes and to create an in-frame fusion with the ␤-geo reporter gene. The gene trap vector insertion site was identified using inverse PCR (described in Data Supplement). The XB322 cell line was injected into C57BL/6 blastocysts, and the resulting two chimeric male mice were bred to C57BL/6 females to obtain germline transmission of the mutant allele.
Genotype Analyses
Wild-type (WT) and mutant alleles were assessed by Southern blot hybridization and/or PCR from DNA isolated from mice tails as described in the Data Supplement.
Histology and Immunohistochemistry
Immunohistochemistry using sections from embryos are described in the Data Supplement. Whole mount PECAM-1 staining is described at http://cbi.swmed.edu/ryburn/sato/htmprotocols/immunowholemount. htm. ␤-Galactosidase staining of whole mounted embryos and embryo sections are described in http://baygenomics.ucsf.edu/ protocols/index.html.
Apoptosis Staining
Apoptosis was monitored by terminal deoxynucleotidyltransferasemediated UTP end labeling (TUNEL) staining using the ApopTag Peroxidase In Situ Apoptosis Detection Kit (S7100, Chemicon, Temecula, Calif).
Cell Culture and Transfections
H9C2 cells were maintained as recommended by ATCC. For northern blot analyses, H9C2 cells were plated onto 100-mm dishes and transfected as previously described 16 using 2 g expression vector for WT or mutant HEXIM1. Construction of expression vectors for WT and mutant C/EBP␣, WT and mutant HEXIM1, and VEGF gene promoter reporter plasmids are described in the Data Supplement. Control and C/EBP␣ siRNAs (Santa Cruz Biotechnology) were introduced into H9C2 cells using siPORT Amine (Ambion).
Northern Blot Analyses
Total RNA was isolated using Trizol (Invitrogen, Carlsbad, Calif) and analyzed using Northern blotting as previously described. 16 
Western Blot Analyses
Western blot experiments were performed as described previously. 2 Membranes were blotted with anti-HEXIM1 antibody or antibody that detects both HEXIM1 and HEXIM2 (Q. Zhou, UC Berkeley) and horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody (GE Healthcare).
In Vitro Translation and Protein-Protein Interaction Assays
In vitro transcription and translation of cyclin T1 and WT and mutant C/EBP␣ were performed using the Promega TNT kit (Promega, Madison, Wis). GST-pull down assays were previously described. 17 Construction of vectors encoding full-length and mutant HEXIM1 in frame with glutathione-S-transferase (GST) were previously described. 3 
Immunoprecipitation and Chromatin Immunoprecipitation Assays
H9C2 cells were transiently transfected with either pCMV-TAG2B-HEXIM1 or pCMV-TAG2B-HEXIM1 1 to 312 . Immunoprecipitation assays were described previously. 3 Chromatin immunoprecipitation (ChIP) assays were performed using a modified protocol from Upstate Biotech (Lake Placid, NY) 3 and described in more detail in the Data Supplement. Sequences of primers used in ChIP assays are shown in the Data Supplement.
Results
Generation of HEXIM1 Mutant Mice
To determine normal physiological function of HEXIM1, we generated HEXIM1 mutant mice using an embryonic stem cell line containing an insertional mutation in the HEXIM1 gene. The mutation resulted in the production of a fusion transcript containing the HEXIM1 sequence encoding the first 312 amino acids of HEXIM1 gene spliced to the ␤-geo sequence (encoding a fusion ␤-galactosidase and neomycin phosphotransferase) of the pGTOpfs gene trap vector. Wild-type (WT) and mutant alleles were assessed by Southern blot hybridization ( Figure 1A ) and/or PCR of DNA isolated from mice tails ( Figure 1B) . 
HEXIM1 Expression in Mice Embryos
The fusion of ␤-geo to the first 312 amino acids of HEXIM1 allowed the expression of ␤-galactosidase to be controlled by the endogenous HEXIM1 promoter. Thus we used ␤-galactosidase expression in HEXIM1 heterozygous and homozygous mice to document the pattern of HEXIM1 expression in the embryo heart. ␤-Galactosidase staining of E11.5 embryos indicated nuclear HEXIM1 expression in the myocardium and endothelial lining of the endocardial cushions of the outflow tract, but not in the endothelial lining of the endocardial cushions of the atrioventricular junction ( Figure 2A ). E17.5 embryos exhibited HEXIM1 expression in the aorta, pulmonary arteries, epicardium, myocardium, inner trabeculae, and endothelium of the endocardial lining ( Figure 2B ).
The pattern of ␤-galactosidase expression in the heart of HEXIM1 1 to 312 mice correlated with pattern of expression observed with the HEXIM1 antibody in the hearts of WT mice ( Figure 2C , see Online Figure IA for corresponding western blot). Both staining methods indicated nuclear HEXIM1 expression in the myocardium, with stronger staining evident in the epicardium and in the trabecular myocardium when compared with compact myocardium. Staining using HEXIM1 antibody to the N-terminus of HEXIM1 showed a similar pattern of staining ( Figure 2C ). HEXIM1 appears to be expressed in epicardial, myocardial, and endocardial cells because ␤-galactosidase staining was colocalized with cytokeratin 18, sarcomeric actin, and PECAM-1 staining respectively (Online Figure IB) . Thus, HEXIM1 was expressed in cardiac tissues prior to critical periods in myocardial vascularization and compaction (E13-14).
Mutation of HEXIM1 Results in Prenatal Lethality
To characterize the effect of HEXIM1 mutation on embryo development, timed matings between mice heterozygous for the HEXIM1 1 to 312 mutant allele (HEXIM1 het) were performed. At E16.5 and earlier gestational periods, HEXIM1 WT, HEXIM1 het, and HEXIM1 1 to 312 mice were viable and recovered at a Mendelian ratio of 1:2:1 (Table) . However fewer HEXIM1 1 to 312 mice than expected were recovered after E16.5.
Abnormal Heart Development in HEXIM1 Mutant Mice
Hematoxylin and eosin (H&E)-stained sections of E17.5 mouse embryos indicated that the HEXIM1 mutation resulted in a phenotype with features of dilated cardiomyopathy, an increase in size of the ventricular chambers (relative to heart size), and thin ventricular walls ( Figure 3A) . The myocardial compact layer was dramatically reduced in the thickness, or regionally lost (sponge like) in HEXIM1 1 to 312 hearts ( Figure 3B ).
Increased Apoptosis in the Ventricular Myocardium of HEXIM1 Mutant Mice
To determine whether the thinner myocardium was the result of myocyte hypotrophy, hypoplasia, and/or increased apoptosis we examined proliferation and apoptosis in E15.5 embryo hearts. Increased apoptosis, as detected using the terminal deoxynucleotidyltransferase-mediated UTP end labeling (TUNEL) assay, was evident in HEXIM1 1 to 312 heart when compared with WT hearts ( Figure 3C ). TUNEL-positive cells costained with the cardiomyocyte marker, sarcomeric actin (Online Figure IIA) . No difference in proliferation, as detected by bromodeoxyuridine (BrdU) incorporation, was evident in the left and right ventricle of HEXIM1 mutant mice and WT littermates (Online Figure IIB ). An increase in proliferation was observed in the intraventricular septum of HEXIM1 1 to 312 mice at E15.5, but not at E13.5, when compared with WT littermates. 
Abnormal Vascular Development
Because of the strong expression of HEXIM1 in the epicardium and reports that compaction of subepicardial trabeculations coincides with the invasion of the developing coronary vasculature from the epicardium, 18 we examined the effect of HEXIM1 mutation on coronary vessels. WT E15.5 embryos stained for a vascular endothelial cell marker, platelet endothelial cell adhesion molecule precursor (PECAM-1) showed coronary arteries originating from base of the ascending aorta with a regular branching pattern ( Figure 4A ). In contrast, whole mount PECAM-1 staining of HEXIM1 mutant hearts indicated coronary arteries with a disorganized pattern of branching ( Figure 4A ). While coronary vasculature was observed in the epicardium, PECAM-1 stained sections revealed that the HEXIM1 mutant heart had markedly decreased vascularization of the myocardium, even with an abundance of coronary vessels in the epicardium ( Figure 4A ). Together these results suggest that HEXIM1 has an important role in the development of normal coronary vasculature.
Expression of Regulators of Vascular Development
We examined the expression of VEGF, a factor that is known to play an important role in the development of coronary vessels, myocardial vascularization, and myocyte proliferation and survival. 19 In heart sections from E15.5 and E17.5 WT and HEXIM1 mutant embryos, we observed significant decreases in VEGF expression in the ventricular myocardium of HEXIM1 mutant mice ( Figure 4B ). Western blot analyses also indicated decreased VEGF expression in HEXIM1 mutant hearts ( Figure 4D ). In addition to the VEGF family, angiopoietins and Transforming growth factor beta (TGF␤) play major roles in angiogenesis and myocardial vascularization. 19 However, we did not observe differences in the levels of Angiopoietin 1, 2, 
Epicardial and Myocardial Signaling
HEXIM1 was expressed at the epicardium, endocardium, and myocardium, but more dramatic morphological changes were observed in the compact zone of the myocardium in HEXIM1 1 to 312 mice. Considerable evidence support the role of the epicardium and endocardium in the proliferation and vascularization of the myocardium. Thus it is possible that the myocardial defects can be partly attributed to alterations in paracrine signaling to the myocardium in HEXIM1 mutant mice. We were particularly interested in FGFs because of their role not only as a myocyte mitogen but also in promoting coronary vasculogenesis in vivo and in vitro. 20 -22 We observed decreased FGF9 protein expression ( Figure 4C and 4D), but no obvious change in FGF2 expression (see Online Figure III ), in HEXIM1 mutant embryo hearts when compared with WT littermates.
Phenotypic Effects of HEXIM1 Mutation Are Not Dependent on the Ability of HEXIM1 to Inhibit RNA Polymerase II Phosphorylation but Involve C/EBP␣
We verified cell-autonomous regulation of VEGF expression by HEXIM1 using rat embryo cardiomyoblast H9C2 cells. H9C2 cells, which have low endogenous levels of HEXIM1, were transfected with HEXIM1 expression vectors and VEGF mRNA levels examined. In the developing heart VEGF is expressed by the cardiomyocytes, which is also the major source of VEGF in the heart. 23, 24 We observed an increase in VEGF mRNA expression in cells transfected with the WT but not the mutant HEXIM1 expression vector ( Figure 5A ). Transcriptional regulation of VEGF gene by HEXIM1 is supported by the increase in VEGF promoter reporter activity in H9C2 cells transfected with WT HEXIM1, but not HEXIM1 1 to 312 , expression vector ( Figure  5B ). ChIP experiments indicate that endogenously expressed HEXIM1 is recruited to the Ϫ2079/Ϫ1252 region of the VEGF promoter region ( Figure 6A ). We also observed recruitment of HEXIM1 1 to 312 to the Ϫ2079/Ϫ1252 region. HEXIM1 interacts with 7SK snRNA and form an inactive P-TEFb complex by binding to and inhibiting the kinase activity of the CDK9 subunit of P-TEFb. 5, 6 This results in the inhibition of RNAP II phosphorylation. Our in vitro GST pull down assays indicated that mutant HEXIM1 1 to 312 interacted with cyclin T1 as well as WT HEXIM1 (Online Figure IVA) . The levels of serine 2 phosphorylated RNAP II were slightly decreased (32%) in HEXIM1 1 to 312 mice at E13.5, however this can be attributed to a comparable decrease in total RNAP II levels (Online Figure IVB) . We did not see a compensatory increase in HEXIM2 expression at E15.5 (Online Figure  IVC) in response to mutation of HEXIM1. Consistent with HEXIM1 regulation of VEGF expression through a P-TEFb independent mechanism, we observed similar decreases in recruitment of serine 2 phosphorylated RNAP II to the coding sequence of the VEGF gene in H9C2 cells transfected with expression vector for WT HEXIM1 or HEXIM1 1 to 312 ( Figure  6A ). It would then seem paradoxical that HEXIM1 would activate VEGF transcriptional activity while inhibiting serine phosphorylation of RNAPII. However, lack of Ctk1 kinase, the yeast homolog of Cdk9/P-TEFb, leads to loss of CTD Serine 2 phosphorylation but does not obviously affect elongation, 25, 26 while a Bur1 mutant has defective elongation but apparently normal CTD phosphorylation. 27 CTD Serine 2 phosphorylation is not required for association of elongation factors and studies suggests that other protein-protein interactions are also important. 28 -30 It is also likely that some serine 2 phosphorylation occurs through compensatory mechanisms, as detected by immunohistochemistry and western blot analyses (Online Figure IVB) , but outside the limits of detection of our ChIP assays.
Sequence analyses of the Ϫ2079/Ϫ1252 region indicated two putative bindings sites for C/EBP␣ (Online Figure VA) . We observed binding of C/EBP␣ to the VEGF gene in cells transfected with expression vector for HEXIM1 1 to 312 but not WT HEXMI1 ( Figure 6C ). Recruitment to the same region of the VEGF promoter may be attributed to an interaction between HEXIM1 and C/EBP␣, although we observed weaker interaction of HEXIM1 1 to 312 with C/EBP␣ ( Figure  6B ). The implication from the results of these studies is that WT HEXIM1 is able to displace C/EBP␣ from the VEGF promoter, and thus mediate release from C/EBP␣ repressive action. Due to the weaker interaction of HEXIM1 1 to 312 with C/EBP␣, HEXIM1 1 to 312 is not able to attenuate the inhibitory action of C/EBP␣ on VEGF gene transcription. Opposing actions of C/EBP␣ and HEXIM1 are supported by our observation that increased expression of C/EBP␣ resulted in inhibition of the ability of HEXIM1 to upregulate VEGF promoter reporter activity ( Figure 6C ). The interaction of HEXIM1 with the C/EBP␣ is also disrupted by deletion of HEXIM1 N-terminus ( Figure 6C ). C-terminus of C/EBP␣ mediates the interaction with HEXIM1 (Online Figure VB) . No change in SP1 recruitment was observed in cells transfected with expression vector for WT or mutant HEXIM1 ( Figure 6C ). HEXIM1 regulation of VEGF gene transcription may also be independent of HIF-1␣ because HEXIM1 did not activate a luciferase reporter containing the HIF-1␣ response element within the Ϫ944/633 region of the VEGF gene ( Figure 5B ). HEXIM1 was not recruited to the Ϫ944/Ϫ633 region ( Figure 6A ).
Our ChIP data implicate C/EBP␣ as a negative regulator of VEGF expression. This is further supported by the increase in VEGF mRNA levels as a result of downregulation of C/EBP␣ levels using C/EBP␣ siRNA ( Figure 6C ). More importantly, hearts collected from C/EBP␣ knockout mice (described in ref. 31 and Data Supplement) had increased VEGF expression when compared with WT hearts ( Figure  6D ). Together our data support P-TEFb independent regulation of VEGF by HEXIM1 that involves HEXIM1-mediated attenuation of an inhibitory effect of C/EBP␣ on VEGF expression.
Discussion
To further characterize the physiological functions of HEXIM1, we created mice carrying an insertional mutation in HEXIM1, thereby disrupting its functionally important C-terminal region. Histology and immunohistochemistry revealed heart defects in HEXIM1 1 to 312 mice that included hypoplasia of myocardial layers, abnormal coronary patterning, increased chamber size and decreased heart rate. Angioblast invasion from the epicardium is mediated by FGFs and VEGF. 32 Our results showed that both FGF9 and VEGF expression was decreased in HEXIM1 1 to 312 hearts compared with control littermates. However the decrease in VEGF expression occur prior to formation of the epicardium and changes in FGF9 expression. Moreover, our studies indicated that VEGF is a direct transcriptional target of HEXIM1, contributing to regulation of coronary vessel development and influencing myocardial growth. Thus, HEXIM1 regulation of myocardial signaling may play the primary role, relative to HEXIM1 regulation of epicardial signaling, in cardiovascular development. HEXIM1 regulation of VEGF involves the transcription factor C/EBP␣, and to our knowledge this is the first report of negative regulation of VEGF by C/EBP␣ in the heart.
We saw a decrease in FGF9 in the myocardium, an important factor in epicardial-myocardial signaling. 20 Epicardial and endocardial FGF9 signaling are essential for myocardial proliferation and differentiation in vivo. 20 FGF9 signaling to the cardiomyoblast is also essential for coronary development. Thus FGF9 can also indirectly regulate myocardial proliferation through VEGF. 33 Redundancy in regulation of VEGF is not surprising giving the importance of maintaining VEGF at certain levels during heart development.
Signaling between the epicardium and myocardium, as well as endocardium and myocardium, are bidirectional 35 S]methionine-labeled WT C/EBP␣ were incubated with equal amounts each of either glutathione-S-transferase (GST) control, WT or mutant HEXIM1. "Input" lane represents 10% of the total volume of in vitro translated product used in each reaction. C (left), The Ϫ2079/Ϫ1252 region of VEGF gene promoter was immunoprecipitated with C/EBP␣ or SP1 antibodies. The "input control" represents PCR for 2% of total chromatin used in each reaction. C (right), H9C2 cells were transfected with expression vectors for WT HEXIM1, HEXIM1 1 to 312 , and C/EBP␣, and luciferase reporter gene containing the Ϫ2079/Ϫ1252 region of the VEGF gene promoter. D, VEGF expression in (left) H9C2 cells transfected with control and C/EBP␣ siRNA using Northern blot analyses and in (right) WT (nϭ7) and C/EBP␣ (nϭ7) knockout mice using Western blot analyses. Densitometric quantifications of VEGF protein expression levels were expressed relative to expression levels of sarcomeric actin. NSB indicates non-specific band.
(reviewed in reference 23). The extent of vascularization corresponds to the rate of myocardial growth and the ratio of compact-to-spongious myocardium. As the myocardial wall matures and myocytes orient along particular axes, capillaries also align along the same axes as do myocytes (reviewed in ref. 34) . Thus, it is also likely that HEXIM1-mediated signaling from the myocardium influences coronary vessel development. It is possible that the abnormal branching observed in coronary vessel in the epicardium can be attributed to defective signaling from the myocardium and/or misalignment of myocytes in HEXIM1 mutant mice. Along this line, restoration of Friend of GATA 2 (FOG-2) expression in cardiac myocytes by cardiac specific alpha myosin heavy chain promoter in the FOG-2 null mice led to the development of normal coronary vasculature. 35 The selective restoration or knockout of HEXIM1 in the epicardium or the myocardium is important in defining in which tissues HEXIM1-mediated signaling is required for normal cardiac development.
The development of a mature coronary circulation and the establishment of a myocardial capillary vascular plexus are relatively late prenatal events (E13-E14 in mice) and defects in these processes are consistent with lethality at later gestational periods of the HEXIM1 mutant mice. Angioblasts for the coronary vasculature arise partly by induction of epithelial to mesenchymal transformation of cells originating from the splanchnic mesoderm (reviewed in ref. 32 ). VEGF does not appear to be involved in angioblast induction, but is believed to be an important mediator of angioblast invasion. VEGF expression is driven by hypoxia in many cell types and tissues studied so far (reviewed in ref. 36) . Our results are consistent with HEXIM1 as another regulator of VEGF induction of myocardial vascularization. Furthermore HEXIM1 regulation HEXIM1 involves attenuation of an inhibitory effect of C/EBP␣ on VEGF expression. There are no reports to support that HEXIM1 binds directly to DNA thus it is unlikely that C/EBP␣ and HEXIM1 compete for DNA binding. Our findings suggest that HEXIM1 interaction with C/EBP␣ results in the removal of C/EBP␣ from the VEGF promoter (see Online Figure VI for our working model).
Similar to our findings, mice harboring null alleles of the HEXIM1 were not represented in the normal Mendelian ratio past E16.5. 12 However in contrast to our results, HEXIM1Ϫ/Ϫ fetal hearts exhibited reduced left ventricular chamber with thickened myocardial walls, features suggestive of cardiac hypertrophy. Contractile and non-contractile protein genes known to be re-expressed during cardiac hypertrophy had higher expression levels in HEXIM1Ϫ/Ϫ hearts thereby confirming the hypertrophic phenotype at the molecular level. The hypertrophic phenotype of the HEXIM1Ϫ/Ϫ mice is consistent with the findings that overexpression of the cyclin T1 subunit resulted in a hypertrophic phenotype in vitro and in vivo. 10, 11 Our results however indicated that HEXIM1 has important physiological functions that were not dependent on its ability to interact with and inhibit P-TEFb, and may explain the differences in phenotypic effects of HEXIM1 null mutation and mutation of HEXIM1 in our mouse model. However pathological hypertrophy eventually degenerates to dilated cardiomyopathy and the process may merely be accelerated in our HEXIM1 mutant mice. In the HEXIM1 null mice, any effects on myocardial vascularization/growth are perhaps initially counterbalanced by induction of hypertrophy resulting from activation of CDK9. An alternative model is that WT and mutant HEXIM1 differentially regulates HEXIM1 target genes by differentially regulating transcription factors such as C/EBP␣.
The effects of mutating HEXIM1 were specific as shown by our results. We also did not see effects on the level of expression of other transcription factors such as Nkx2.5, GATA4, MEF2A, and SRF1 (data not shown), which are well known to play important roles in heart development. It is unlikely that our findings can be attributed to compensatory upregulation of the recently discovered isoform of HEXIM1, HEXIM2, 37,38 because we did not see a change in HEXIM2 expression in HEXIM1 mutant mice. However we cannot rule out other compensatory mechanisms.
